Abstract. Spectra of Ba autoionizing Rydberg states (n = 60-80) in a varying external electric field, keeping the classical scaled energy ε constant, have been measured. Series converging to the 5d 3/2 -as well as to the 5d 5/2 -limit have been studied for three values of the scaled energy: ε = −2.94, −2.35 and −1.76, deep in the n-mixing regime around the classical field ionization limit (ε = −2.0). The experiments are interpreted using semiclassical closed-orbit theory by taking the Fourier transform of the experimental spectra. High resolution is obtained using CW laser excitation and large frequency scans. Effects of the large non-hydrogenic core of Ba are investigated by comparing the experimental Fourier spectra with hydrogenic closed-orbit theory for m l = 0-3 incorporating the 5d 2 1 G 4 metastable ground-state wavefunction and assuming only 5d-nf excitation.
Introduction
Rydberg atoms in external electric fields have been the subject of investigations for a long time (e.g. Feneuille and Jacquinot 1981 , Nayfeh and Clark 1984 , van Leeuwen and Hogervorst 1983 , Lahaije and Hogervorst 1989 . In the low-field regime, where l-and n-mixing can be neglected, it is mainly the quadratic Stark effect that is studied. When the external applied field increases in strength the interpretation of data becomes more complex as more and more states are coupled by the electric field. Angular momentum manifolds and anti-crossings between levels of adjacent n-manifolds may be observed. In the high-field regime, close to and around the field ionization limit, many n-levels are mixed and states are broadened by autoionization. Calculation of the complex excitation spectra in this case, starting with extended sets of basis wavefunctions, then requires large computer facilities. Recently Seipp and Taylor (1994) calculated Stark spectra in this regime for Na with the combined R-matrix and complex coordinate method. These calculations show very good agreement with experimental spectra but provide little insight into the physics.
In the semiclassical treatment of the hydrogenic electric (or magnetic) field problem scale transformations are possible resulting in a Hamiltonian in which the field does not appear explicitly. Only one parameter, the scaled energy corresponding to this Hamiltonian, fully determines the classical motion of a Rydberg electron around the nucleus. This inspired experimentalists to measure oscillator strength distributions under conditions where the scaled energy is kept constant. Scaled-energy spectroscopy in an electric field is not as thoroughly studied as in the magnetic field case. In contrast to the magnetic field case the classical hydrogen atom in an electric field does not become chaotic increasing the scaled 0953-4075/96/112159+19$19.50 c 1996 IOP Publishing Ltd energy from −∞ (zero field) to zero (zero-field ionization limit). However, in the nonhydrogenic case the presence of a core of electrons complicates a semiclassical analysis and may result in core-induced chaos (Courtney et al 1994) .
The pioneering scaled-energy experiment in an electric field was performed by Eichmann et al (1988) . They measured the |m l | = 0, 1, 2 spectra in Na at a scaled energy of −2.5, below the saddle-point scaled energy (ε = EF −1/2 = −2.0 with E the saddle point energy and F the electric field strength in atomic units), and interpreted these data finding classical closed orbits for the H atom as well as using a hydrogenic quantum diagonalization method. Courtney et al (1994 Courtney et al ( , 1995a measured spectra for the more hydrogenic Li case. They measured at several scaled energies below and above the saddle point. Perfect agreement with full quantum calculations for this atom was found, taking into account the non-zero quantum defect. The evolution from a sinusoidal spectrum above the zero-field ionization limit to a discrete spectrum below the saddle-point energy was investigated. These data were interpreted using closed-orbit theory as well.
We report measurements at three constant scaled energies below and above the saddle point in the case of barium. The Ba atom was chosen because large core effects were anticipated. Also experimentally Ba is advantageous as only one continuous wave (CW) laser is required to excite Rydberg states from a metastable state. The high angular momentum of the metastable state allows a study of m l -values different from zero. The 5d 5/2, 3/2 nl autoionizing states with n = 60-80 above the first ionization limit were excited from the metastable 5d 2 1 G 4 state. For these high n-values autoionization can be neglected to a first approximation as the interaction with the underlying 6s continuum (through quadrupole coupling) is weak, thus facilitating the analysis. This paper is organized as follows. In section 2 we briefly review closed-orbit theory as well as the adaptations required for the non-hydrogenic barium case. In section 3 the experiment is discussed, whereas experimental results and a comparison with closed-orbit theory are presented in section 4. Finally conclusions are given in section 5.
Theoretical background
The Hamiltonian for the H atom (without spin) in a homogeneous static electric field (in cylindrical coordinates (ρ, z; ρ 2 = x 2 + y 2 ), with l z = m l = 0 and in atomic units) is
The electric field F is measured in units of F 0 = 5.14 × 10 9 V cm −1 . For l z = 0 an additional component has to be added to the Hamiltonian. For the present experiment this term was accounted for in a special way (see section 2.2). The classical motion of an excited electron in the combined Coulomb and electric field potential can be rather complicated. The experimentally observed oscillator strength distributions show a dense set of resonances. However, in the Fourier transform (FT) of these distributions sharp resonances appear, related to the round-trip time of a classical Rydberg electron along a closed orbit. To explain these observations and Delos (1992, 1994 ) developed a semiclassical closed-orbit theory for the H atom in a strong external electric field, analogous to the magnetic field case. In this model the electron is treated quantum mechanically when it moves close to the atomic core. Far outside the core region, the electronic motion is governed by the classical Hamilton equations. The solutions inside the core region and at large distance must be matched at the boundary of the core. When the electron follows a closed trajectory, returning to its initial position at the nucleus, it contributes to the oscillator strength distribution experimentally observed. The time to complete a trajectory then relates to a sharp resonance found in the FT of this distribution. For non-hydrogenic atoms the Hamiltonian (1) needs to be modified near the origin to incorporate the effect of the core of electrons. First we will summarize the H case. Modifications for non-hydrogenic Ba will be presented in section 2.3.
The scaled Hamiltonian for hydrogen
An electric field independent scaled Hamiltonian can be obtained (for m l = 0) applying a coordinate transformation with scaled variables :
The resulting scaled Hamiltonian becomeŝ
This shows that the only free parameter is the scaled energy ε. Oscillator strength distributions measured at a constant scaled energy ε = EF −1/2 (varying E and F simultaneously) may be interpreted using this scaled Hamiltonian. As will be shown in the following sections the Fourier transforms of oscillator strength distributions recorded at constant scaled energy can be related to closed electron orbits, starting and ending at the nucleus.
Closed-orbit theory
In the model of and Delos (1992, 1994) an electron excited in the core region propagates outwards as a Coulomb wave. At a large distance from the core (about 50 Bohr radii) the outgoing Coulomb wave is treated semiclassically. Its wavefront then follows a trajectory determined by the classical equations of motion. Trajectories which under the influence of the external electric field return to the core region are represented by incoming Coulomb waves, which scatter at the core. The interference between corescattered and outgoing Coulomb waves results in oscillations in the absorption spectrum. This model is analogous to the one for the magnetic field case (Du and Delos 1988a . The oscillator strength distribution as a function of energy in principle then follows from a summation over all possible closed orbits and their multiple traverses for each possible value of m(= m l ). It is given by
with the amplitude constant
Here
and
Df 0 (E) accounts for the background photoabsorption. The phase of a classical orbit is calculated by integrating the action S = p dq, starting and ending on a sphere at boundary r b . The term e 2i(8r b )
1/2 is the small phase contribution from the region inside the core with radius r b . y m (θ) andỹ m (θ) represent the angular distribution of the outgoing waves for the selected m l -value of the electron. I (n, l, l ) is a hydrogenic dipole matrix element between the initial bound state and an unbound state around the ionization limit. b The classical density for an electron returning to the core A m,k,n 2 for an orbit k and given m can be calculated from the two-dimensional Jacobian J m,k
which follows using cylindrical symmetry from the three-dimensional Jacobian
Here t n is the time of the nth return to the boundary sphere. The Maslov index µ m k,n in equation (4) counts the number of foci and caustics. For classical trajectories which curve back over each other the classical density is singular at the tangent of the curves (a caustic). For the special case θ = 0, where the previous relations do not hold, derived separate formulae. These have to be applied to calculate the contribution of the parallel orbits along the z-axis.
When l z = 0 the angular distribution of the outgoing waves changes and therefore so does the amplitude constant C m k,n of equation (5). The phase of the classical orbit remains almost the same. As discussed in the beginning of this paragraph, the l z = 0 case induces an additional term in the Hamiltonian given by
This term diverges for ρ = 0 and therefore provides a potential barrier for θ = 0 and θ = π, on which all classical orbits reflect. Goetz and Delos (1993) have already noted this for the magnetic field case. A second classically forbidden region, the ρ = 0 axis, therefore has to be accounted for. This problem, however, is not yet fully incorporated in closed-orbit theory as it requires an extra joining of semiclassical and quantum wavefunctions. Goetz and Delos (1993) choose to ignore the problem and argue that one should use m l = 0 in the core region and m l = 0 outside the core in the classical calculations. A good agreement with measurements on the H atom motivated this procedure. In this paper we also follow this approach. In actual calculations it is not feasible to include in the summation in equation (4) all closed classical orbits k of energy E and their multiple traverses (n). However, this summation can be truncated taking into account only closed orbits up to a maximum recurrence time T max . This corresponds to a specific finite resolution E = 2π/T max in the frequency domain. As the oscillator strength distribution is very dense it is more instructive to consider the Fourier transform of equation (4). This immediately gives the action spectrum and allows a direct comparison between experiment and closed-orbit theory. If the experimental spectra are recorded at constant scaled energy the FT spectra are functions of the scaled actionŜ = SF 1/4 , depending only on the single parameter ε.
The barium Rydberg atom
The experiments have been carried out using Ba atoms in the metastable 5d 2 1 G 4 state (approximately 3 eV above the 6s 2 1 S 0 ground state). There is no selectivity in the M L = M J = M magnetic substates (all M states are assumed to be populated equally), so the nine initial states are
With the linearly polarized laser radiation, in the experiment perpendicularly oriented to the electric field, the excited-state wavefunctions in the absence of the field are 5d 3/2, 5/2 nf and 5d 3/2, 5/2 np. The two radial matrix elements I (5, 2, 1) and I (5, 2, 3) determine the relative excitation probability of 5dnp and 5dnf, respectively. The hydrogenic formulae are not correct in the barium case. From zero-field measurements of Bente and Hogervorst (1989) we conclude that the contribution of 5dnp excitation can be neglected. Only I (5, 2, 3) is retained, its absolute value being unimportant. In the appendix the relevant expressions for D M i are given and the procedure used to calculate the intensity of an orbit in the Fourier spectrum is outlined. From the expressions in the appendix we conclude that in excitation from 5d 2 1 G 4 only a small fraction m l = 0 is excited out of M = −2, −1, 0, +1 and +2. The main excitation is to |m l | = 1, 2 and 3. Therefore the contribution to the spectrum of the uphill and downhill orbits, θ i = 0 and π , which only exist in the m l = 0 case, is small in comparison to the Li experiments of Courtney et al (1994 Courtney et al ( , 1995a .
Experiment
High-resolution scaled-energy spectra of Ba Rydberg atoms were recorded using the CW laser-atomic beam set-up described in detail elsewhere (Bente and Hogervorst 1989, van der Veldt et al 1993) . From the metastable 5d 2 1 G 4 level at 24 694.278 cm −1 5d 3/2, 5/2 nf (and weakly 5d 3/2, 5/2 np) autoionizing Rydberg series were directly excited in the absence of an external field using a Stilbene 3 blue ring dye laser (Spectra Physics 380D). The laser perpendicularly intersected a beam of Ba atoms in an excitation chamber between two capacitor plates, well shielded against stray electric fields. The beam was produced by resistively heating a small tantalum oven with a small pinhole. The metastable 5d 2 1 G 4 states were populated in the atomic beam by running a low-voltage DC discharge between a tungsten heating filament and the oven. At the start of a frequency scan first in zeroelectric field a 5d 3/2, 5/2 nf J = 5 state was excited. Electrons from this weakly autoionizing 5d 3/2, 5/2 nf state were recorded using a channeltron electron multiplier positioned above the upper capacitor plate which contained a grounded fine wire mesh. The electron signal was stored on a Sun Sparc computer along with the transmission signal of a 750 MHz confocal Fabry-Perot etalon used for frequency-calibration purposes when the laser was scanning. Absolute frequency calibration followed from the zero-field 5d 3/2, 5/2 nf J = 5 excitation.
Absolute laser frequency calibration during a scan in the presence of the electric field is necessary to keep the scaled energy ε constant. The electric field could be continuously adjusted during a laser scan by adapting the voltage over the capacitor plates, using a digitalto-analogue converter (DAC) with a 2.5 mV resolution, with respect to the excitation energy. The laser frequency and DAC were computer controlled. When the zero-field 5d 3/2, 5/2 nf J = 5 resonance was recorded the electric field was switched on and an oscillator strength distribution at constant scaled energy was measured. The maximum scan length of our ring dye laser was limited to 30 GHz. Scaled-energy spectra were recorded for high-n Rydberg states (n = 60-80) over an energy range of about five wavenumbers (150 GHz).
Overlapping scans were made to cover this total energy range. The linewidth of zerofield 5d 3/2, 5/2 nf J = 5 peaks was Doppler limited to about 30 MHz. In an electric field admixture of lower-l character into the wavefunctions of levels resulted in broader peaks due to autoionization into the 6s continuum. For ε > −2, autoionization into the 5d continuum resulted in broad peaks (with width of the order of a few hundred megahertz) all over the spectrum.
The absolute uncertainty in ε is about 0.06, determined by the uncertainty in the electric field strength deduced from the voltage over the capacitor plates and their distance. Values for the electric field strengths were also derived from comparing measurements on angular momentum manifolds (linear Stark effect) at low n with calculated manifolds. Although the absolute accuracy in ε is not very good, ε is constant within an experimental spectrum; a variation in ε smaller than 0.005 is estimated. As an example a measured oscillator strength distribution for the 5d 3/2 nl Rydberg series, obtained from overlapping laser scans at a scaled energy of −2.94, is shown in figure 1 . The oscillator strength distribution shows a rich spectrum of sharp resonances superposed on a slowly varying background. The sharp resonances, which appear at regular intervals in the frequency spectrum relate to the classical closed orbits. The slow variation in the background signal will not show up in the Fourier transform of the oscillator strength distribution. The variation in intensity of the sharp resonances in the oscillator strength distribution, composed of several overlapping individual spectra, is mainly due to slow changes in the population of the 5d 2 1 G 4 metastable state. We recorded spectra for n = 60-80 in order to obtain narrow resonances in the Fourier spectrum. This energy range was chosen because for higher n stray electric fields become important and for lower n the maximum scan length (30 GHz) hampers recording of more than one n-value in a single laser scan, thus preventing absolute frequency calibration.
Results and discussion

Observations
We recorded oscillator strength distributions for the 5d 3/2, 5/2 nl Rydberg series at values of the scaled-energy parameter ε of −2.94(6), −2.35(6) and −1.76(6). A direct comparison with semiclassical closed-orbit calculations is not feasible due to the large background signal as a result of direct ionization and because of the large density of resonances observed. FT spectra, however, show a limited number of peaks at scaled actionsŜ related to the roundtrip times of the closed periodic electron orbits. In figures 2-4 the FT spectra at scaled-energy values ε = −2.94, −2.35 and −1.76 are shown, both for 5d 3/2 and 5d 5/2 Rydberg series.
Comparing the Fourier spectra for the 5d 3/2 and 5d 5/2 series, and in particular the ε = −2.94 case with scaled actionsŜ < 15, the FT resonances are found at identical positions. This can be understood in the framework of semiclassical periodic orbit theory. The motion of the excited electron at constant scaled energy outside the core region is governed by classical equations of motion, which do not distinguish between a 5d 3/2 and 5d 5/2 core.
The height of a FT resonance is related to the intensity of the recurring excitations in the oscillator strength distribution, which is directly related to the probability of the zero-field excitations from the different M-values of the 5d 2 1 G 4 state to 5d 3/2 nf, np and 5d 5/2 nf, np (M ± 1) states. The zero-field excitations are of relevance here as the excitation process takes place close to the core where the external electric field may be neglected. The radial matrix elements for the 5d 3/2 nf, np and 5d 5/2 nf, np excitations are such that the 5dnp excitation channel can be neglected. Therefore, the differences in heights for the FT resonances of the 5d 3/2 and 5d 5/2 series are merely due to differences in the angular parts of the matrix elements, assuming no overlap between different orbits.
The typical grouping of lines, especially in figure 2, has been observed in the Na spectrum of Eichmann et al (1988) and was interpreted by Courtney et al (1995a) for similar experiments in Li. This grouping is most apparent when ε → −∞ and can be interpreted in this limit. A scaled-energy spectrum recorded for a large negative value of ε reveals the energy spacing between adjacent Rydberg n-levels as a peak at low scaled action (corresponding to the orbits along the z-axis uphill and downhill, just visible in figure 2 at actionŜ = 0.4) and the energy spacing between levels within a Stark n-manifold (corresponding to the group of orbits around actionŜ = 5). Courtney et al (1995a) note that in this limit a large difference in the intensities within a group occurs when comparing quantum calculations on H with Li spectra. These differences were ascribed to be due to core effects (core scattering). A similar interpretation of the spectra based on a time domain analysis was recently given by Lankhuijzen and Noordam (1995) .
For scaled actionsŜ > 15 in figure 2 the positions of the FT resonances do not match exactly in all cases. This effect becomes more apparent in the FT spectra at ε = −2.35(6) and −1.76(6) (figures 3 and 4). The FT spectra at ε = −2.35 show rather large differences in intensities for the 5d 3/2 and 5d 5/2 series. These differences are much larger than expected from the angular dependence of the matrix elements (see also section 4.2). These effects show up even stronger for the ε = −1.76 spectra taken above the classical field ionization limit at ε = −2.0. As a result of autoionization, spectra taken at ε > −2.0 show strong broadening leading to an effective large background. This leads to high intensities at scaled actions close to zero as shown in figure 4. The number of experimental peaks, in particular those at high recurrence times, strongly decreases with increasing value of ε while at the same time the typical grouping of lines observed at low values of ε disappears. Above the saddle point only a limited number of closed orbits is observed. This reduction in the number of periodic orbits can be understood in the framework of periodic orbit theory. At ε > 0 only one unstable orbit exists, i.e. the uphill orbit parallel to the electric field along the z-axis (θ = 0). For ε < 0 new orbits bifurcate out of this orbit thus proliferating the number of peaks in the action spectra. The downhill orbit, i.e. the parallel orbit in the direction of the saddle point, starts to be possible at ε = −2.0.
Small differences in the positions of FT resonances for the 5d 3/2 and 5d 5/2 series at the same value of ε cannot be attributed to the uncertainty in the value of ε. The most important reason for this is that, although the absolute accuracy of ε is 0.06, the value of ε for 5d 3/2 or 5d 5/2 excitation is the same within 0.005. From calculations for different values of ε we deduce only a weak influence of variations in ε on the strengths of FT resonances and no significant influence on scaled actions.
Closed-orbit calculations
Closed orbits within the range of experimentally observed scaled actions have been calculated for ε = −2.94, −2.35 and −1.76 using equations (4)-(9). The 5d 3/2 and 5d 5/2 cores were treated as hydrogen-like taking into account the respective quantum defects for the Rydberg electron: 0.07 for the 5d 3/2 nf series and 0.14 for the 5d 5/2 nf series. Here we took the most intense J = 5 level from Bente and Hogervorst (1989) . Closed orbits for excitation from all possible values of M have been calculated assuming equal population of each M-value of the 5d 2 1 G 4 initial state. As discussed in section 2.2 actual closed-orbit calculations were performed for a Rydberg electron with m l = 0 outside the core region. Table 1 . Comparison between barium constant-scaled-energy spectra at ε = −2.94 and closedorbit theory. Columns 1 and 2 contain the scaled action of peaks found in the Fourier transform of 5d 3/2 and 5d 5/2 spectra (see figure 5 ). In column 3 the action of all closed orbits found by numerical integration is given. Some recurrences are also included. Column 4 shows if a calculated peak is due to a recurrence by giving the number of returns and the action of the fundamental orbit. Also the fundamental uphill and downhill orbit along the z-axis are indicated. In columns 5 and 6 the intensities of the experimental peaks in columns 1 and 2, respectively, are given, normalized to the largest. The heights of FT resonances were evaluated using equations (5)- (9) and (11)- (17) and summed over the different M-values of the ground state. In figure 5 a comparison between the experimental FT spectrum for the 5d 3/2 and 5d 5/2 series and a spectrum calculated with closed-orbit theory for ε = −2.94 up to a scaled action of 35 is shown. In the calculated spectra the contribution from the uphill and downhill orbits is shown separately as for specific values of the action the calculated classical density becomes infinite. As the scaled action in closed-orbit theory is only determined by the classical equations of motion outside the non-hydrogenic core the calculated positions of the resonances (scaled actions) should be and are identical for 5d 3/2 and 5d 5/2 excitation. The small variations in the calculated intensities are due to the different angular contributions and quantum defects. Figure 5 shows that the major part of the observed spectra stems from orbits other than the uphill and downhill orbit, which only contribute to the m l = 0 spectrum. In the parallel orbit calculations the intensity of specific recurrences can become very large. This is the result of a focusing effect and leads to infinite intensities for the uphill and downhill orbit for scaled actions that are a multiple ofŜ = 0.399 (for the uphill orbit) andŜ = 0.434 (for the downhill orbit). So in case the action of the nth repetition Figure 5 . Comparison between the experimental Fourier spectrum and closed-orbit theory calculations for ε = −2.94; (a) for the 5d 3/2 series, (b) for the 5d 5/2 series. The full curve represents the contribution from all orbits except the parallel ones. The dashed curve shows the contribution of the uphill (Ŝ = 0.399) and downhill (Ŝ = 0.434) orbit and their recurrences; it is negligible except at a few actions, close to a bifurcation, where the classical density can become infinite. of either the uphill or downhill orbit is close to these divergences the theoretical intensities are unphysical and a more sophisticated theory is required. Recently Peters et al (1994) modified closed-orbit theory for the photoionization spectrum of H − in parallel electric Table 2 . Comparison between barium constant-scaled-energy spectra at ε = −2.35 and closedorbit theory. Columns 1 and 2 contain the scaled action of peaks found in the Fourier transform of 5d 3/2 and 5d 5/2 spectra (see figure 6 ). In column 3 the action of all closed orbits found by numerical integration is given. Some recurrences are also included. Column 4 shows if a calculated peak is due to a recurrence by giving the number of returns and the action of the fundamental orbit. Also the fundamental uphill and downhill orbit along the z-axis are indicated.
In columns 5 and 6 the intensities of the experimental peaks in columns 1 and 2, respectively, are given, normalized to the largest. and magnetic fields. The relative unimportance of the parallel orbits to our spectra made implementation of this modification in our calculations superfluous. In table 1 a more quantitative comparison of the positions of experimental and calculated actions for ε = −2.94 is given. In this table (and in tables 2 and 3) the fitted experimental values are given; they are expected to be accurate within 0.03 (slightly depending on line shape and intensity). The intensities are normalized to the strongest peak in the experimental Fourier transform. Only those experimental peaks are tabulated that are clearly above the background. For comparison all calculated orbits are included in the table, independent of their intensity. When a calculated orbit was found experimentally in either the 5d 3/2 or the 5d 5/2 spectra the next recurrence is also included. Comparison between experiment and calculation shows that the positions of resonances are in good agreement. All experimental peaks can be assigned to calculated classical orbits. Surprisingly, none of the strong peaks is due to a repetition of a parallel orbit. Many experimental peaks are due to repetitions of Table 3 . Comparison between barium constant-scaled-energy spectra at ε = −1.76 and closedorbit theory. Columns 1 and 2 contain the scaled action of peaks found in the Fourier transform of 5d 3/2 and 5d 5/2 spectra (see figure 7) . In column 3 the action of all closed orbits found by numerical integration is given. Some recurrences are also included. Column 4 shows if a calculated peak is due to a recurrence by giving the number of returns and the action of the fundamental orbit. Also the fundamental uphill orbit along the z-axis is indicated. In columns 5 and 6 the intensities of the experimental peaks in columns 1 and 2, respectively, are given, normalized to the largest. orbits. Table 1 shows that several peaks in the spectrum are unambiguously recurrences. The degenerate fundamental uphill and/or downhill orbit is visible in the spectrum at scaled actionŜ = 0.40.
As far as the intensities are concerned the agreement is rather poor. Although the general trend is reproduced, hydrogenic closed-orbit theory obviously cannot reproduce the intensities of the individual peaks. As already argued in section 4.1, this may be due to core scattering which was not incorporated in the theory. Core scattering has been studied recently for the magnetic field case (Hüpper et al 1995 , Dando et al 1995 and was demonstrated experimentally in the non-hydrogenic He case (Delande et al 1994) . In the He case, however, the effects of core scattering turned out to be small, probably due to the small 1s core. Core scattering manifests itself in modifications in the intensity of peaks and in the appearance of sum orbits. Sum orbits, which do not appear in hydrogen, result from scattering from one orbit into the other at the core. The action of a core-scattered sum orbit is therefore equal to the sum of the actions of two (or more) fundamental orbits. We have not been able to unambiguously identify sum orbits in the spectrum of figure 2. However, as sum orbits are expected to be strongest for intense fundamental orbits, several peaks in table 1 can be assigned as sum orbits as well. Another possibility to explain the poor agreement between calculated and experimental intensities is the assignment of the ground state as a pure 5d 2 1 G 4 state. A small admixture of a different configuration could modify the intensities.
In figure 6 the experimental and theoretical results for the 5d 3/2 and 5d 5/2 series for ε = −2.35 are compared. For the FT resonances observed at ε = −1.76 a comparison between experiment and closed-orbit calculations is shown in figure 7 . Tables 2 and 3 contain the calculated and experimental actions for ε = −2.35 and −1.76, respectively, as well as the measured FT intensities. For clarity we have restricted the comparison to actions smaller than 10. Inspection of figures 6 and 7 shows that the agreement for ε = −2.35 and −1.76 is less good than for ε = −2.94. This is primarily due to the fact that many more orbits are calculated than experimentally observed, whereas the theoretical intensities turn out to be all of the same order of magnitude. Almost all experimental peaks, however, can again be assigned to calculated orbits. Four peaks in the ε = −2.35 spectrum for 5d 5/2 could not be assigned. They, however, show a remarkable interdependence: the strongest ones, i.e. atŜ = 6.33 andŜ = 9.34, differ by 3.01 in action, i.e. the action of the most intense experimental peak; the other two, atŜ = 5.87 andŜ = 9.78 are shifted 0.44 in action from the stronger ones, which corresponds to the action of the uphill orbit. Remarkably, the experimental spectra in these two cases are dominated by one strong peak, atŜ = 3.00 for Figure 8 . Classical closed orbits dominating the experimental Fourier spectrum at ε = −1.76 ((a)Ŝ = 1.88) and ε = −2.35 ((b)Ŝ = 3.00). These orbits start and end perpendicular to the electric field. They were found by numerical integration of the classical Hamilton equations. ε = −2.35 and atŜ = 1.98 for ε = −1.76. The corresponding orbits are drawn in figure 8. These orbits, and essentially all other orbits visible in the spectra of figures 3 and 4, have a starting angle θ i close to 90
• , i.e. perpendicular to the electric field. This turns out to be more pronounced at higher scaled energy. Also the large majority of theoretical orbits with starting angle close to 90
• are visible in the FT spectra. We have, at the moment, no explanation for this. In the experimental spectra recurrences of these two strong peaks are also apparent. It is a surprise that for increasing values of ε the number of calculated orbits increases so strongly. Especially for ε = −1.76 it might be reasoned that only a few orbits would remain that do not lead to escape of the Rydberg electron over the saddle point. It has to be noted, however, that the impact of line broadening due to autoionization on the recurrence strength of orbits close to and above ε = −2.0 is not incorporated in closed-orbit theory.
Conclusions
We demonstrated that constant-scaled-energy spectra can be recorded in complex twoelectron atoms such as barium and that, to a reasonable extent, the resonances calculated with the use of the hydrogen-like closed-orbit theory match the experimental data. An important result is that spectra are dominated by orbits other than the orbits parallel to the z-axis, showing that these cannot be neglected, not even for the m l = 0 case. It is remarkable in itself that autoionizing spectra, recorded at constant scaled energy, show series of sharp resonances after Fourier transformation up to large values of the scaled action (or up to long times). Major discrepancies, especially in the intensities, between experiment and closed-orbit theory motivate further work in this field, both experimentally and theoretically. At present we are analysing constant-scaled-energy spectra for the bound 6snl series of barium (no autoionization) to compare with the 5d 3/2 and 5d 5/2 series. Effects of core scattering will be included in the comparison with closed-orbit theory. A study of the more hydrogenic and easier calculable helium atom is also foreseen in our laboratory.
A full quantum mechanical treatment of these Rydberg series in the presence of an external electric field would be of interest and could account for effects of the complex core of the barium two-electron atom.
Next a summation is performed over m j for given M. The total calculated intensity of the orbit then follows from summation over the nine possible M-values.
